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ABSTRACT 
Programmed ribosomal frameshifting is a method of regulation of protein 
expression in which a change in reading frame during translation brings about 
the formation of an alternative gene product. This process is an important part 
of the replicative machinery of many RNA viruses, including HIV-1, the causative 
agent of AIDS. Programmed -1 frameshifting is commonly stimulated via an as 
yet undetermined mechanism that requires an RNA structural motif in the mRNA 
coding sequence known as an RNA pseudoknot, found just downstream of the 
site of -1 slippage. Recently, it was shown that engineering two structural 
features of the pseudoknots derived from tobacco yellow mosaic virus (a 
specifically placed loop 2 adenosine), TYMY, and mouse mammary tumor virus 
(an unpaired adenosine at the stem 1 — stem 2 junction), MMTV could restore 
efficient frameshifting to a functionally inactive pseudoknot. Thermodynamic 
analysis presented here shows that a mutant pseudoknot lacking the loop 2 
adenosine forms a pseudoknot structure which is stabilized by 1. 4 k 0. 5 kcal 
mol '. In contrast, two other pseudoknots, in which the junction adenosine 
residue was substituted with guanosine and the and the other one in which the 
loop 2 adenosine was replaced with guanosine, both formed moderately less 
stable structures. All three RNAs display frameshifting efficiencies greatly 
reduced relative to the wild type RNA. Although these findings suggest that 
there is no clear correlation between pseudoknot stability and frameshifting 
efficiency, our data does suggest that a specific interaction between a loop 2 
adenosine and helical stem 1 makes a measurable contribution to pseudoknot 
stability. 
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CHAPTER 1 
INTRODUCTION 
RNA pseudoknots are structural elements, found in all types of RNAs, 
including mRNA. They form as a direct result of the ability of RNA to form 
intramolecular Watson-Crick base pairs. A pseudoknot is a folding topology 
which forms when nucleotides in the loop region of an RNA hairpin form 
additional base pairs with some other complementary region of RNA outside of 
the hairpin to form a structure consisting of two stems, denoted S1 and S2, and 
two loop regions, denoted L1 and L2 (Figure 1). This simple fold is important in 
that it has been shown to be a structural component of many naturally occurring 
RNAs, including ribosomal RNAs, messenger RNAs, catalytic and self-splicing 
RNAs, and viral genomic RNAs (for a review, see Giedroc et al. , 2000). 
Furthermore, this structure plays an essential role in the viral life cycle by 
helping to regulate -1 ribosomal frameshifting (for a review, see Farabaugh, 
1993). 
In RNA viruses, programmed -1 ribosomal frameshifting is used as a 
method for the regulation of protein expression. The change in reading frame 
brought about by frameshifting allows a normally in-frame stop codon to be 
bypassed so that a new poly-protein fused gene product can be formed (Figure 
1). By employing this regulatory system, viruses are able to code for multiple 
gene products with the requirement of only one ribosomal initiation event. A -1 
frameshifting event has been observed between overlapping gag and pro genes 
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Figure 1. Formation of an RNA pseudoknot (Pleij, 1994). (a) Nucleotides in the 
loop 2 (L2) of an RNA hairpin region fold back and form complementary base pairs 
with nucleotides in another region of the RNA. (b) Base pairing forms a region 
consisting of two stem (S1 and S2) and two loop (L1 and L2) regions. (c) Stacking 
of the two stems to form a quasi-continuos RNA helix of S1 + S2 base pairs. The 
A arrow marks the point in the continuous strand where an intercalated nucleotide 
is sometimes found. The B arrow marks the 3' nucleotide in L2 closest to the 
helical junction. 
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Figure 2. (a) Formation of fused gene products via -1 ribosomal frameshifting. 
(b) Model for — 1 ribosomal frameshiRing (Giedroc et al. , 2000). 
(Figure 2), the efficiency of which dictates the relative molar amounts of 
structural (gag) to replicative (pro) gene products needed for viral reproduction 
and infectivity (Brierly et al. , 1989). 
Two features have been shown to be essential for frameshifting — a 
heptanuclear "slippery sequence" (the site where the actual frameshifting event 
takes place) and a downstream stimulatory structure, which commonly takes on 
the form of an RNA pseudoknot (Figure 1). It is known that when the ribosome 
encounters the pseudoknot, it pauses, possibly because the pseudoknot 
provides some block to ribosome movement. Either the slippery sequence or 
the pseudoknot by itself is insufficient to promote efficient frameshifting. Recent 
studies are consistent with the idea that specific structural or stability 
characteristics of the pseudoknot may be important in promoting the 
frameshifting process. One such study displays a correlation between stem 1 
length and efficient -1 ribosomal frameshifting for a series of IBV-derived 
pseudoknots (Napthine et al. , 1999). For this class of pseudoknots, it was 
shown that a stem 1 region consisting of 11 base pairs was optimally required 
for promotion of efficient frameshilting in vitro. 
An elongated stem 1 region, however, is not an absolute structural 
requirement for efficient frameshifting. Examples of two pseudoknots that have 
seemingly bypassed the stem 1 requirement are the pseudoknot from mouse 
mammary tumor virus (MMTV) (Shen & Tinoco, 1995), and beet western yellows 
virus (BWYV) (Su et al. , 1999), both of which have stem 1 regions containing 
only 5 base pairs. Subsequent studies have shown that incorporating 
structural features from the MMTV pseudoknot into a non-functional IBV 
pseudoknot with a short stem 1 region could restore the ability of the pseudoknot 
to promote efficient frameshiRing (Liphardt et al. , 1999). 
A specific feature of the MMTV pseudoknot is the presence of an 
intercalated adenosine residue at the stem 1 — stem 2 junction, which imparts an 
overall bent conformation to the molecule (Shen & Tinoco, 1995) (see Figure 1, 
arrow A). The insertion of this intercalated adenosine into the stem 1 — stem 2 
junction of a non-functional pseudoknot with a six base pair stem 1 region was, 
however, insufficient to promote efficient frameshifting (Liphardt et al. , 1999). A 
second structural change was required, one in which an adenosine at the 3' 
position of loop 2 will form specific hydrogen bonds with the minor groove side of 
the helical stem 1 of the pseudoknot (see Figure 2, arrow B). Such hydrogen 
bonding interactions have been documented to occur in the TYMV pseudoknot 
(Kolk et al. 
, 1998). Changing the most 3' nucleotide of loop 2 to an adenosine 
residue is hypothesized to impart some additional structural or stability 
determinant which restores efficient frameshifting to a pseudoknot already 
containing an intercalated adenosine at the helical junction. This optimized 
structure (see Figure 3), denoted wild-type (WT) or IBV-MMTV in these studies, 
yielded a frameshifting efficiency of -31~/0 (Liphardt et al. , 1999). Within this 
structural context, the removal or substitution of the intercalated adenosine 
resulted in a significant reduction in frameshifting activity, reducing frameshifting 
efficiency to between 8'/0-13'/o. Disruption of the loop 2 adenosine resulted in a 
similar drop in frameshiRing efficiency, to 5'/0-9'/0 (Liphardt et al. 
, 1999). 
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Figure 3. Secondary structure of WT-IBV pseudoknot (from Liphardt et al. , 
1999), with mutations noted. 
These functional frameshifting studies reveal that these two structural 
determinants make an important contribution to the ability of a pseudoknot to 
promote efficient frameshifting. One explanation of these functional data is that 
the wild-type construct provides for a very stable structure, which could provide 
a strong block to ribosomal movement (Figure 2), while deletion or substitution 
of these key structural elements would be strongly destabilizing. It is this 
hypothesis that the studies outlined in this thesis were designed to test. 
Specifically, we report here the thermodynamics of unfolding of the wild-type and 
three mutant IBV-MMTV chimeric pseudoknots shown in Figure 3 in order to 
more fully define the relationship between the thermodynamic stability of each 
structure and frameshifting activity. It is hoped that understanding the free 
energy pertaining to the stability of these interactions will facilitate a greater 
understanding of how these structures stimulate -1 frameshifting. 
CHAPTER 2 
RESULTS 
Analysis of Therma/ Denatvratlon Melting Profiles 
To investigate the stabilities of the pseudoknots described in Figure 1, 
large-scale transcription reactions were prepared for each RNA. Melting profiles 
were then obtained using two thermal denaturation techniques — differential 
scanning calorimetry (DSC) and optically monitored thermal denaturation. All 
melting experiments were performed under the same buffer conditions — 10 mM 
3-(N-Morpholino) propanesulfonic acid (MOPS), 50 mM KCI, pH 7. 0. 
Experimental melting profiles were fit to an unfolding model characterized by 
four sequential two-state unfolding transitions. Representative melts are shown 
in Figure 4. 
It was found that fitting the melting profiles of WT, AA15, and G29 RNA to 
three transitions resulted in a AHi~ smaller than would be predicted for the 
unfolding of secondary structure alone (AH, ~;~ = 132 kcal mol ', as calculated 
from Xia et al. , 1998, data not shown); however, such a fit is physically 
unreasonable. Fitting to four unfolding transitions accounted for this missing 
enthalpy. The two large peaks in the melting profile correspond to unfolding of 
the two helical stems of the pseudoknot, with stem 2 unfolding first, followed by 
stem 1 (Figure 5). The first low temperature, low amplitude transition, which 
typically occurs below t„= 40'C, may relate to the collapse of some tertiary 
structure in the pseudoknot, defined here as specific interactions between the 
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Figure 4. Melts of pseudoknots characterized in Liphardt et al, 1999. Melts 
obtained by optically monitored thermal denaturation are shown on the leR. RNA 
unfolding is monitored at 280 nm (squares) and 260 nm (circles). Melts obtained 
by DSC are shown on the right. The individual transitions for each melt are 
displayed as solid or dashed lines below below their respective melting profiles. 
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Figure 5. Possible pseudoknot unfolding pathway. The solid lines represent hydrogen bonds, the oval represents an 
intercalated nucleotide. Transition A represents the collapse of a stem 1 — loop 2 interaction (represented by the 
arrows in the pseudoknot diagram). Transition B represents the partial unfolding of stem 2, and transition C represents 
the full unfolding of stem 2 to yield stem 1. It should be pointed out that the unfolding of stem 2 is presented here as a 
model — it is not known at this time which half of stem 2 unfolds first. Transition D represents the two-state unfolding to 
stem 1 into fully unfolded RNA. 
pseudoknot loop 2 and stem 1 (Figure 5). The second and third unfolding 
transitions can be modeled below the first high amplitude peak of the melting 
profile, suggesting that the first helical stem unfolds in a non-two state manner. 
This means that the stem unfolding pathway goes from a fully folded stem to a 
partially folded stem, then to a fully unfolded stem (Figure 5). A two state 
unfolding process would occur when a stem goes from fully folded to fully 
unfolded. This non-two state behavior is observed in both DSC and optical 
melts. The final transition has an optical hyperchromicity signature consistent 
with a stem 1-to-hairpin unfolding transition (Figure 5). 
Comparison of the resolved thermodynamic parameters for unfolding of 
pseudoknots by DSC (Table 1) or optical melts (Table 2) shows a close 
correlation between the two data sets. Optical data were difficult to fit because 
of the fact that the instrument can only record absorption data up to 95'C, 
meaning that a full melting profile of the back slope of the second large transition 
cannot be accurately measured. This is clearly the case with the G15 RNA 
melting profile, where the melting temperature occurs near the upper limit of the 
optical data. This fact may be the origin of some discrepancies between the 
optical and DSC data for this particular RNA. 
Thermodynamic Analysis of the IBV-RHAs 
A striking aspect of these results is that the G15 and G29 RNAs, while 
forming less stable structures than the wild type pseudoknot, both display 
lowered frameshifting efficiencies. The fact that the removal of the adenosine 
residue at the stem 1 — stem 2 junction (M15) produces a more stable structure 
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contrasts with previous studies on two other frameshifting RNAs which showed 
that such a deletion is stabilizing by -1 kcal mol" (Theimer & Giedroc, 1999; 
2000). The impact that a deletion or a substitution of the intercalating nucleotide 
has may be strongly context dependent and not a strong predictor for 
pseudoknot stability. 
The G15 mutant RNA displays a distinct optical melting profile. Data 
collected from the DSC melt (shown in Table 1) reveals that the first stem 
unfolding transition occurs at a far lower temperature (41. 5'C for G15, 
approximately 50'C for the other pseudoknots), with considerable less hH 
associated with this unfolding transition. The second stem unfolding of the 
second stem, stem 1, on the other hand, occurs at a higher temperature (almost 
10'C higher) with a comparably larger enthalpy of unfolding (approximately 10 
kcal mol ' greater). This finding is most easily explained by the fact that the 
guanosine 15 of this structure could form a Watson-Crick base pair with cytosine 
7, the first residue of loop 1, upon deconstruction of the pseudoknot fold. This 
would result in the formation of a seven base pair stem 1 hairpin, predicted to 
induce a 13. 4 kcal mol ' increase in AHi~, and an increase in increase in aG ' of 
3. 3 kcal mol' (Xia ef al. , 1998). The thermodynamic parameters for the 
unfolding of the stem 1 hairpin in the G15 RNA is in close approximation to 
these predicted values. 
Substitution of the adenosine 29 nucleotide in loop 2 with guanosine 
brings about the formation of a destabilized pseudoknot structure. A comparison 
with the wild type structure shows that unfolding transitions of G29 occurs with 
14 
smaller enthalpies at lowered t values. It was originally postulated that this 
nucleotide was important in stabilizing an interaction with stem 1. The 
thermodynamic data reported here are consistent with that scenario, with these 
interactions contributing -1. 5 keel mol ' in global stability to the pseudoknot. Our 
research group has had similar findings in the beet western yellows virus 
pseudoknot (S. Suram and D. P. Giedroc, unpublished results). NMR structural 
studies of the wild-type IBV-MMTV chimeric RNA should provide structural 
insight into this stabilization. 
dGi, ~ vs. Frameshit5ng Etficiency 
Given the t values and van't Hoff enthalpies for each transition, the 
Gibbs free energy can be calculated for each unfolding transition, which are then 
summed to determine hGi~ for each pseudoknot. From this, values of ~G i, i 
(MG mUip& h5G 'ki gpss) values are calculated. However, a better way to 
compare the thermodynamic parameters in each of these mutations is to 
calculate the stability of the folded pseudoknoted structure relative to the 
partially folded stem 1 hairpin. This stability value is given by AGi + AG2 + AG3 
= EAGi 3. Comparison with wild-type RNA gives MG 'i 3. A plot showing the 
relationship between frameshilting efficiency and dd G"i. 3 is shown in Figure 6. 
This plot suggests no clear relationship between stability and frameshifting 
efficiency. The mutant pseudoknot with the highest frameshifting efficiency (G15 
— 12'/p) formed a structure approximately as destabilized as the mutant 
pseudoknot with the lowest frameshifting efficiency (G29 — 5'/p). The dA15 
15 
pseudoknot, despite having a structure stabilized relative to WT, is still an 
inefficiently frameshifting construct. 
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CHAPTER 3 
CONCLUSIONS 
18 
In a recent review, three models were suggested by which pseudoknots 
could stimulate ribosomal frameshifting (Giedroc et al, 2000). The first model is 
that frameshifting efficiency is influenced by some specific aspect of the 
pseudoknot structure, which could mediate an interaction with some part of the 
ribosome. The second model suggests that there is some free energy difference 
between folded and partially folded states of the pseudoknot that gives rise to 
frameshifting. The third model suggests that frameshifting efficiency is dictated 
at the level of kinetics, where local energetics dictate the rate at which the 
pseudoknot is resolved to the stem 1 hairpin. 
The findings of this report are brought to bear on the second model, in 
which the -1 frameshiffing process is addressed at the level of the 
thermodynamic stability of the RNA pseudoknot. Our studies suggest that there 
is not a strong correlation between thermodynamic stability of RNA pseudoknots 
and frameshifting stability in the context of the four pseudoknots studied here. 
Despite this lack of a strong correlation between frameshifting efficiency and 
pseudoknot stability, insight into the energetic penalties which result from 
deletions or substitutions of two key structural elements, the intercalated 
adenosine and 3' nucleotide of loop 2, have been quantified. Detailed structural 
studies which pinpoint the origin of these thermodynamic perturbations will be of 
high interest. This suggests that future studies which seek to understand the 
mechanism of frameshifting will most likely address either the detailed structure 
or the kinetics of unwinding of RNA pseudoknots. 
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RNA Purification 
RNA was transcribed using partially double stranded DNA containing a 
T7 promoter region. Large scale transcription reactions were run for 4 hours at 
37'C, and ethanol precipitated. The RNA was then run over a G25 sephadex 
column, and purified on a denaturing PAGE gel. Bands were detected using UV 
monitoring, and electroleluted for 9 hours. RNA was then cartridge filtered, and 
eluted with a 50'lo methanol solution. It was then dried, resuspened in water, 
and exhaustively dialyzed in 10 mM MOPS, 50 mM KCI for 9 hours, with dialysis 
buffer changed every 3 hours. The first dialysis was made approximately 2 mM 
in EDTA. 
UV Thermal Denaturation 
All samples analyzed by optically monitored thermal denaturation 
consisted of 600 ILI of 3 IiM RNA in a buffer of 10 mM MOPS and 50 mM KCI, 
plus the indicated concentration of Mg '. Samples were subjected to thermal 
denaturation using a Cary 1 UV / Vis spectrophotometer operating in double 
beam mode. Percentage transmittance, collected as a function of temperature 
at the rate of 0. 3 degrees per minute, was converted to absorbance and the first 
derivative with respect to temperature was fit to a multiple sequential interacting 
transition model, as has been described previously (Nixon and Giedroc, 1998; 
Theimer et al, 1998; Theimer & Giedroc, 1999). 
Differential Scanning Calorimetry Denaturation 
DSC traces were obtained using a Microcal VP-Differential Scanning 
Calorimeter. Samples were prepared by diluting stock solutions of RNA to a 1 
ml solution of &40 AM, and then dialyzing for 10 hours in a 10 mM MOPS, 50 
mM KCI buffer. Following denaturation, the final concentration was determined 
by adding 40 pl of 2 M KOH to diluted calorimetry samples. The addition of 
base was performed to correct for the hyperchromic effect. Samples were 
corrected for dilution and A280 measurements were used to determine the exact 
concentration of each calorimetry sample. 
DSC reference scans were subtracted from DSC samples scans to give 
reference subtracted data. This curve (C„vs. Temperature) was normalized to 
the exact concentration of sample RNA, and subjected to a linear baseline 
approximation method and fit to an appropriate number of sequential interacting 
transitions to calculate AH„H, ; and t;. The area under the normalized curve was 
calculated to give the total enthalpy of denaturation, hH ~. DSC analysis was 
accomplished using Origin DSC software from Microcal Inc. 
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